Introduction
Herbicide contamination of streams is one of the major environmental impacts of row crop production. Field runoff represents the primary hydrologic mechanism responsible for herbicide transport from agricultural fields to streams (1) (2) (3) (4) . Over the past decade, several studies have overwhelmingly demonstrated that row crop production leads to frequent detections and potentially harmful levels of commonly used corn and soybean herbicides and their metabolites in streamwater (1, (5) (6) (7) (8) (9) (10) (11) .
In the Midwestern United States, maximum herbicide concentrations and frequency of detections follow herbicide application to fields in the spring (1, 5, 7, 8, 12) . The inopportune coincidence of herbicide application with intense spring rainfall events creates a critical herbicide loss period during the second and third quarters of each year (9, 13) . Herbicides that are not persistent in the soil environment generally show the largest increases in detection frequency between the pre-and postplant periods. For example in the study by Thurman et al. (12) , alachlor detections increased from 18% at preplant to 86% at postplant. Atrazine, which is more persistent than the acetanilide herbicides (14, 15) , typically shows detection frequencies greater than 90% during pre-and postplant periods. However, median atrazine concentrations were 9-17 times greater at postplant compared to preplant in two regional-scale studies (1, 12) .
There are many factors affecting herbicide transport to streams, and they can be organized into four general categories: (1) intrinsic factors -soil and hydrologic properties and geomorphologic characteristics of the watershed; (2) anthropogenic factors -land-use and herbicide management; (3) climate factors -particularly precipitation and temperature; and (4) herbicide factors -chemical and physical properties and formulation (1) (2) (3) (4) . A central issue in the herbicide transport literature has been the relative importance of intrinsic versus anthropogenic factors. Landuse within a watershed, as measured by the type and areal extent of row-crops, determines the herbicide inputs to a watershed. Larson and Gilliom (16) reported that herbicide use intensity within a watershed was the most significant factor for predicting herbicide concentrations in streams, and none of the intrinsic factors considered, when taken individually, explained a higher proportion of the variability than herbicide use intensity. However, Blanchard and Lerch (1) reported that land-use was a less important factor to herbicide transport than soil characteristics, hydrology, and herbicide chemical properties. In northern Missouri and southern Iowa (the same area presented in this study), watersheds with the highest corn acreage, and therefore greatest herbicide input, had lower atrazine and cyanazine stream concentrations during the critical loss period than watersheds with less than half as much corn acreage. Richards et al. (9) also observed that soil characteristics, and their impact on watershed hydrology, were more important factors controlling herbicide transport than land-use in three watersheds of the Lake Erie basin.
One of the most important intrinsic watershed characteristics affecting herbicide transport is the runoff potential of its soils, which is primarily determined by soil particle size distribution (i.e., soil texture) and topography (1) (2) (3) . Hydrologic soil group (HSG) categories represent one way to rank runoff potential of soils, and they have been shown to be valid indicators of regional hydrology and watershed vulnerability to herbicide transport (1). Battaglin and Goolsby (17) reported that hydrologic soil groups was a significant factor in 17 of 36 regression models used to predict herbicide concentrations in reservoir outflows. The positive sign for HSG in these models indicated that higher herbicide concentrations in reservoirs were associated with basins having poorly drained or clay-rich soils (17) . Soil texture directly affects water infiltration rate, and, therefore, it largely determines the dominant hydrologic pathway of the watershed. Watersheds dominated by clayey soils, or those with prominent argillic horizons, will typically have low infiltration rates and high surface runoff volume and will be vulnerable to surface transport of herbicides (1) . Those watersheds with a predominance of silty or sandy soils will have high infiltration and percolation rates, low surface runoff volume, low vulnerability to surface transport of herbicides, but high vulnerability to nitrate leaching (1) . Particle size and organic matter content of soils will also influence transport by affecting the extent of herbicide sorption.
Two other important factors are the chemical properties of the herbicide and the application method. The chemical structure will determine environmentally relevant properties such as water solubility, acid/base dissociation constants, soil sorption intensity, volatility, and persistence. Soil sorption intensity, along with soil texture, will determine the potential hydrologic loss pathways (1) and the partitioning of herbicide between solution and sorbed phases in field runoff (18) . Other herbicide chemical properties, such as persistence in soils and volatilization, will affect the mass of parent compound and metabolites available for transport. Numerous field and stream monitoring studies have shown that herbicide loss in runoff was significantly greater for surface applied compared to soil incorporated herbicides (2, 4) .
The influence of land-use and climate are scale dependent (2). At the field or small watershed scales (<10 000 ha), the timing of rainfall relative to herbicide application is the single most important factor controlling year-to-year variability in transport (2, 9) . As scale increases, the application period is broadened spatially and temporally, leading to decreased year-to-year variability in transport. Thus, at intermediate and large scales (>10 000 ha), the timing of individual storms becomes less important and total precipitation during the critical loss period, which directly affects stream discharge, becomes more important (13) . The effect of land-use on herbicide concentrations in streams is also very scale dependent. Herbicide concentrations in runoff will tend to decrease with increasing scale because of dilution from untreated land areas (1, 3-5, 7, 12) .
Studies conducted by the U.S. Geological Survey (USGS) National Stream Quality Accounting Network (NASQAN) have been used to estimate the herbicide load of the largest subbasins to the Mississippi River (13) . Their results indicated that the Missouri River at Herman, MO (site B, Figure 1 ) contributed from 25 to 58% of the corn and soybean herbicide load to the Mississippi River at Thebes, IL (just above the confluence with the Ohio River). In addition, the area between Clinton, IA ( Figure 1) and Thebes, IL contributed 34-69% of the load to the Mississippi River at Thebes. While the NASQAN data has provided useful information about herbicide transport in the largest sub-basins of the Mississippi River, there remains a gap in our knowledge regarding the herbicide contribution of smaller sub-basins within the Missouri and Mississippi Rivers. This information would contribute to a more detailed understanding of which areas transport the greatest herbicide load to the large river systems, and it will provide a basis for prioritizing implementation of best management practices (BMPs) to the most vulnerable watersheds. The primary objectives of this study were (1) to document herbicide occurrence (i.e., concentrations and frequency of detection) and to estimate herbicide transport from 21 watersheds encompassing the northern Missouri/ southern Iowa region ( Figure 1) ; (2) to quantify watershed vulnerability to herbicide transport and relate vulnerability to soil properties; and (3) to compute the contribution of this region to the herbicide load of the Missouri and Mississippi Rivers.
Methods
Stream Sampling. The study area included 21 sites, 20 streams, and 1 reservoir outlet, draining approximately 56 700 km 2 in northern Missouri and southern Iowa ( Figure 1 and Table 1 ). Stream samples represented watershed areas ranging from 21 276 to 1 796 154 ha, with a median area of 115 500 ha (Table 1) . Grab samples were collected at USGS hydrologic monitoring stations ( Figure 1 and Table 1 ) between April 15 and July 15 from 1996 to 1999. Samples were collected under baseflow and runoff conditions. A single sample was collected from the main flow paths for the smallest streams, and for the larger streams, subsamples were collected at two or three locations in a transect across the stream. All samples were transported to the laboratory on ice and filtered through 0.45 µm nylon filters, typically within 48 h, but never more than 72 h, of collection. For the larger streams, all subsamples were mixed to create a single composite sample just before filtration. The fewest number of samples collected at any site was five and the most was 11, with an average of eight samples per site per year. In general, samples were equally distributed between baseflow and runoff conditions in order to discern changes in herbicide concentrations with changing stream discharge. However, prolonged runoff or baseflow conditions for some sites and years precluded equal sampling distribution, but the rarer of the two discharge conditions was always sampled. Only seven sites were sampled in 1996 (Table 1) , and data from these sites were only used for computing annual herbicide loss as a percent of applied.
Chemical Analyses. Samples were analyzed for the following commonly used corn and soybean herbicides and selected triazine metabolites: acetochlor [2- Table 1 for reference list of watershed names.
was added as a surrogate to 100 mL samples which were then concentrated using 500 mg C18 solid-phase extraction (SPE) cartridges (Varian, Harbor City, CA). SPE cartridges were eluted with ethyl acetate followed by gas chromatography (GC) with N-P detection or eluted with methanol followed by high performance liquid chromatography (HPLC) with UV detection. Only HA, cyanazine, and CYAM were analyzed by HPLC. Both methods were validated using GCor HPLC-mass spectrometry (MS) (5, 7) . Beginning in 1998, GC/MS replaced the GC/N-P, and the SPE procedure was also modified. As part of implementing this new method, cyanazine was included with the GC/MS analysis. Surrogate (terbutylazine) spiked 200 mL samples were concentrated using 500 mg C18 SPE cartridges, eluted with ethyl acetate, and evaporated to about 0.2 mL under a stream of ultrapure N2 in a 30°C water bath. Phenanthrened10 was added as an internal standard. The new GC was a Varian 3400 with a Saturn 2000 ion-trap MS detector (Varian, Harbor City, CA). An HP-1 (Agilent Technologies, Palo Alto, CA) capillary fused-silica column (0.33 µm film thickness; 12 m × 0.2 mm i.d.) was used with He as the carrier gas at a flow rate of 1 mL/min to separate the analytes. A split/splitless injector was used in splitless mode with an injector temperature of 200°C and an injection volume of 1 µL. A multistep temperature program with a total run time of 27 min was used to separate the analytes. MS conditions were as follows: transfer line temperature, 200°C; trap temperature, 250°C; electron impact energy, 70 eV; electron multiplier voltage, -2000 V; and mass scan range, 126-286. The MS was operated in selected ion storage (SIS) mode for quantitation and in full scan mode to confirm compound identity. SIS ions (m/z) used for quantitation were as follows: DIA, 158; DEA, 172; atrazine, 200; terbutylazine, 214; cyanazine, 212; metribuzin, 198; acetochlor, 146 + 162 + 174; alachlor, 160; and metolachlor, 162 + 238. The implementation of these analytical procedures in 1998 improved detection limits by 4-145 times that of the previous method (Table 2) .
Load Calculations. Herbicide loads for all sampled watersheds, and the NASQAN sites, were computed on a daily basis for the critical loss period of April 15 to June 30 of each year. This time interval was chosen based on previous work showing that this is the critical loss period for surface transport of herbicides (3, 7, 9, 12, 19) . Herbicide concentrations for nonsampled days were estimated by linear interpolation between measured concentrations (13, 20) . The use of linear interpolation for estimating herbicide loads is justified because a consistent relationship between herbicide concentration and stream discharge does not hold for the entire critical loss period. This relationship will vary according to the timing of runoff events relative to herbicide application (20) . Boundary conditions also had to be assumed for extrapolating herbicide concentrations to the beginning and ending of the critical loss period. All herbicide and metabolite concentrations were assumed to be zero on April 1 and July 31. Previous studies indicate that this is a conservative assumption for the triazine herbicides and their metabolites, but it is a reasonable assumption for the other herbicides (1, 8, 11) . For all sites and years, no samples were collected before April 15; thus, estimated herbicide concentrations at the beginning of the critical loss period were determined by extrapolation from zero concentration on April 1 to the measured concentration of the first sample day. In a corresponding way, ending concentrations were extrapolated to zero on July 31 for those sites in which no samples were collected after June 30. Measured or estimated concentrations were multiplied by the average daily stream discharge to estimate daily load. NASQAN concentration and discharge data were acquired from the USGS (21) . Since the NASQAN project performs year-round monitoring, no assumptions were required with respect to beginning or ending concentrations. For herbicide concentrations that were below the detection limit of the NASQAN analytical methods, a herbicide concentration of one-tenth the detection limit was used to estimate load (13) . This assumption is justified in light of the tremendous dilution in herbicide concentrations that may occur within the large river systems, particularly for some of the lower usage herbicides.
In 1998, a discrepancy in the metribuzin loads occurred such that our computed loads were erroneously high, accounting for >100% of the metribuzin load in the Missouri and Mississippi Rivers. Since the discharge data are based on the same rating curves from year to year, the two most likely possibilities for the discrepancy were an underestimation in metribuzin concentration for the NASQAN data or an overestimation in metribuzin concentrations for our data. Both laboratories utilized a quality assurance program to ensure high quality data, and dilution from high discharge at the NASQAN sites was not an apparent factor. Without an obvious source of error, we elected to omit the metribuzin loads for 1998.
Land and Herbicide Use Estimates. Land use was based on land cover data produced from 30 m resolution LandSat Thematic Mapper spectral data. The Missouri data were developed by Missouri Resource Assessment Partnership (http://msdis.missouri.edu/ lulc.html). The Iowa data are part of the National Land Cover Data and were developed by the Multi-Resolution Land Cover Consortium (http://www.epa.gov/mrlc/nlcd.html). Both the Iowa and the Missouri data sets were developed using nominal 1992 data. The Iowa land cover categories of row crops and small grains were combined to be the equivalent of the Missouri category of row and close grown crops. This category does not provide information on the specific crops that were grown. Therefore, planted acreage of specific crops was estimated by combining the land cover data with Iowa and Missouri county level row crop data (22) .
The county level data included the planted area of corn, soybeans, sorghum, wheat, and oats in each county for each year. From these data, two proportions were calculated: (1) total row crop area as a percentage of the total county area and (2) specific crop area as a percentage of total row crop area. The digitized watersheds were then overlaid on a map of the counties within the study area in order to determine the area of each county comprising a given watershed. By multiplying these three proportions together and summing across each county within a watershed, the area of corn, soybeans, and sorghum was computed for each watershed. The key assumption in this approach is that the distribution of row crops was uniform within a county. Existing LandSat data do not yet allow for delineation of the actual spatial distribution of specific row crops.
The suite of herbicides analyzed in this study pertained only to corn, soybeans, and sorghum. Therefore, herbicide use estimates were computed for each watershed by using the estimated area of these crops within each watershed combined with state level annual reports of agricultural chemical usage. For corn and soybeans, herbicide usage data were obtained from the USDA-National Agricultural Statistics Service (NASS) (23) (24) (25) (26) , and for sorghum, usage data were obtained from a 1997 survey conducted by the University of Missouri and USDA National Pesticide Impact Assessment Program (unpublished). These reports include the percentage of crop acres treated by a given herbicide, and its average annual use rate for each state. For watersheds that encompass area within Iowa and Missouri, treated acreage and use rates for each state were applied to their corresponding areas within the watershed. In the 1998 report, metribuzin usage was not reported for soybeans in Missouri, yet it was applied to 14% and 15% of the soybeans in 1997 and 1999, respectively. The reported use rate for metribuzin was 0.3 kg/ha in 1997 and 1999. Therefore, estimated metribuzin usage for 1998 was based on the average treated acres for 1997 and 1999 (i.e., 14.5%) and a use rate of 0.3 kg/ha. This assumption was justified by the high detection frequency and concentrations of metribuzin in the streams during 1998 (Table 2 and Figure  4 ).
Results and Discussion
Study Area Characteristics. Land-use within the study area is predominantly agricultural, with an average of 96% of the watershed areas in row crop or forage production. Corn and soybeans account for about 80% of the row crop production, with wheat, sorghum, and oats accounting for the remainder of the cropped acreage. Sorghum is a significant crop only in the eastern portion of the study area within Missouri (Table  1) . Row cropping intensity ranged from 22.1 to 76.8% of the watershed area (Table 1 ). In general, row cropping intensity is high in the western watersheds (sites 1-3), low in the central watersheds (sites 4-6), and intermediate in the eastern watersheds. However, the eastern portion of the study area varies greatly in land-use, with watersheds of very high cropping intensity (sites 17, 19, and 20) and other watersheds with low cropping intensity (sites 7 and 10). The HSG represent four general soil categories (A-D), with HSGA having the lowest and HSGD the highest runoff potential. Since runoff potential is critical to surface transport of herbicides, it follows that watersheds dominated by HSGC and D would be the most vulnerable to herbicide transport and subsequent stream contamination. The HSG also closely correspond to the Major Land Resource Area (MLRA) designations within the region (1, 27) ( Table 1) . Within the study area, the runoff potential of soils increases from west to east (Figure 2) . Sites 1-3 represent watersheds with low runoff potential soils mainly within HSGA or B. Sites 4-6 represent a transition in which the soils become progressively higher in runoff potential from west to east. Upland and terrace soils within these watersheds are generally designated as HSGC or D, while flood plain soils are mainly HSGB. Sites 7-21 represent watersheds with the highest proportion of soils within the HSGC and D categories. These watersheds have >75% of their area within the two highest runoff potential categories. Despite extensive areas with poorly drained soils, tile drainage is rare within the study area. Dualcode HSG categories indicative of tile drained areas (e.g., HSGA-C or HSGA-D) were not denoted in the STATSGO data for any portion of the watersheds within the study area.
Herbicide Usage. Of the six herbicides investigated, atrazine, acetochlor, and metolachlor were the most heavily used within the study area (Figure 3 ). For four of the six herbicides, annual usage within the study area varied considerably over the 3-year period (Figure 3) . Cyanazine usage declined 10-fold from 1997 to 1999 as a result of its voluntary phase-out. Cyanazine usage was likely underestimated for 1998 (see below) based on the reported low percentage of corn acreage treated (3%) and a lower application rate than was reported for previous or subsequent years (24) (25) (26) . Estimated acetochlor usage also varied considerably, from 423 000 kg in 1997 to 878 000 kg in 1998. The estimated acetochlor usage for 1998 was largely a function of the high treated acreage in both states and high application rates for Missouri. Alachlor usage decreased from 202 000 kg in 1997 to about 85 000 kg in 1998 and 1999. Alachlor usage has been steadily declining in the Midwestern United States over the past decade (10) . Metolachlor usage decreased by nearly 60% over the study as a result of its declining use and the introduction of the S-metolachlor formulation in 1999. Atrazine usage was consistent during the study, and other than metolachlor in 1997, it was the most heavily used herbicide within the study area, with about 1 000 000 kg used each year. Corn acreage treated with atrazine declined in Iowa, from 72% in 1997 to 65% in 1999, but its usage in Missouri remained very high, with 79-95% of corn acreage treated. Metribuzin usage was primarily limited to soybeans in Missouri, with consistent annual usage of about 34 000 kg during the study.
Herbicide Occurrence. Every herbicide and metabolite was detected in >80% of the samples in at least 2 of the 3 years (Table 2) . Atrazine was detected in 100% of samples for all 3 years, and the metabolites derived exclusively from atrazine, DEA and HA, were the next most frequently detected compounds in the study. Both atrazine and cyanazine degradation can lead to the formation of DIA which was detected in >90% of samples for all 3 years. Cyanazine and CYAM were detected in >90% of samples in 1997 and 1998, but their detection frequencies were much lower in 1999 because of declining cyanazine usage. The changes in detection frequency and concentration for cyanazine (Table  2 and Figure 4 ) did not coincide with the reported decrease in cyanazine usage for 1998 (Figure 3 ). This discrepancy apparently occurred due to underreporting of cyanazine usage, and therefore, annual losses of cyanazine could not be reliably computed for 1998. The improvement in analytical sensitivity had the greatest effect on the detection frequency of alachlor, acetochlor, and metribuzin. From 1997 to 1998, detection frequency was increased by about two to three times for these three herbicides. Although metolachlor usage declined over the 3 years, its detection frequency increased from 85.5% in 1997 to nearly 100% in 1998 and 1999 because of the substantial improvement in its detection limit. Overall, detection frequency of the herbicides or metabolites was .0% of the samples each year, but it is recognized that these samples do not represent finished drinking water. Overall, the factors affecting herbicide concentrations included usage, persistence in soil, stream discharge, and the hydrologic properties of the soils within the study area. The observed concentrations for this study were within the range of other regional-scale stream studies that measured these herbicides and metabolites during the critical loss period (1, 8, 10, 11, 28) . However, improved analytical sensitivity compared to earlier studies (11, 12, 28) generally resulted in increased detection frequencies, even when usage of a herbicide had significantly decreased, such as alachlor and metolachlor.
Relative Herbicide Losses. To facilitate meaningful comparisons between herbicides, watersheds, and other studies, relative herbicide losses were computed as a percent of the herbicide applied within the watershed. This approach removes the dominant influence that watershed size and herbicide usage have on absolute loads, but it relies on herbicide usage estimates of unknown accuracy (23) (24) (25) (26) . Relative herbicide loss estimates for 1996-1999 showed that the triazine herbicides had the highest losses, with peak atrazine or cyanazine losses exceeding 10% of applied in five watersheds (sites 11-15) in 1996 ( Figure 5 ). Relative losses of metolachlor and metribuzin were slightly lower than the triazines. Median herbicide losses were as follows: 3.9% for atrazine, 2.3% for cyanazine, 2.1% for metribuzin, 2.0% for metolachlor, 0.50% for acetochlor, and 0.33% for alachlor ( Figure 5 ). These median losses were 2.8-40 times higher than median herbicide losses reported by Capel et al. (2) for 43 USGS National Water-Quality Assessment Program sites and for several hundred studies published in the international literature. These studies represented a variety of scales (e60 ha to >10 000 000 ha), soils, climates, tillage, and crops, making it the most comprehensive report to date on the topic of pesticide transport in surface runoff. Thus, the region reported in this study is, overall, one of the most vulnerable to herbicide transport in the United States or worldwide.
The relative herbicide losses reported in Figure 5 represent conservative estimates of actual herbicide loss for three reasons: (1) metabolites were not included; (2) loss was computed for 3 months of the year; and (3) the assumed boundary conditions for extrapolation were conservative, particularly for the triazine herbicides. The best example of the importance of metabolites using our data set would be for atrazine losses, since all the major stable atrazine metabolites were measured in this study (8) . When atrazine metabolites were included, with the DIA load corrected for cyanazine contribution (8), the median atrazine losses increased from 3.9% to 4.5% of applied. For the acetanilide herbicides, the contribution of metabolites to relative loss rates would be even greater than for the triazine herbicides given their more rapid soil degradation and formation of acidic metabolites that are often present in surface waters at higher levels than the parent compounds (6, 29, 30) . Although the 3-month period we defined as the critical loss period includes the majority of the annual herbicide loss, some additional herbicide transport occurs outside this time frame (3, 5, 7, 17) , resulting in underestimation of losses.
Relative herbicide losses varied significantly between watersheds and over years as illustrated by relative atrazine losses from 1997 to 1999 (Figure 6 A-C) . Variability in atrazine losses between watersheds was primarily a function of watershed vulnerability to herbicide transport, as discussed below. Temporal variation in atrazine losses was affected by climate, the timing of rainfall relative to herbicide application, and the interaction between these two variables. For this discussion, stream discharge of each watershed during the critical loss period was considered a surrogate for climate (i.e., total precipitation). In 1997, the lowest stream discharge was observed at all sites, and the lowest overall atrazine losses were also observed. Thus, climate was the dominant factor affecting herbicide transport in 1997. However, the interaction between climate and rainfall timing becomes evident when comparing atrazine losses between 1998 and 1999. For 15 of the 20 streams (site 21 excluded), stream discharge was greatest in 1999, but only three of these sites had their greatest atrazine losses in 1999. Furthermore, only six of 20 sites had their highest atrazine losses in the same year as their highest stream discharge. This strongly suggested that the timing of rainfall relative to herbicide application was a critical factor in the temporal variability and magnitude of herbicide transport, even at these relatively large scales.
Areal Herbicide Losses and Watershed Vulnerability. Areal herbicide loss, expressed as the sum of the mass of all herbicide and metabolite losses on a treated area basis, provides a direct measure of watershed vulnerability to herbicide transport (Figure 7 ). This approach to calculating relative herbicide losses, like loss as a percent of applied, also removes the influence of watershed size and herbicide usage, but it has the additional advantage of using land-use data that has been verified for accuracy. Areal herbicide loss rates were the lowest in the northwestern (sites 1-3) and southeastern (sites [18] [19] [20] watersheds, and the highest loss rates occurred in several of the northeastern watersheds (sites 7-9, 11, 13, and 15) and in site 6 ( Figure 7) . The areal loss rates generally follow the pattern of HSGC and D soils ( Figure  2 ), in which herbicide loss rates tend to increase with increasing runoff potential of soils. Of the seven watersheds in which areal loss rates were 350 g/ha or greater, six of them (sites 7-9, 11, 13, and 15) are within the Central Claypan Area (MLRA 113) or the Iowa and Missouri Heavy Till Plain (MLRA 109). These six vulnerable watersheds have >75% of their area comprised of high runoff potential soils within HSGC and D categories. Soils within these most vulnerable watersheds have naturally formed claypans or pronounced argillic horizons that restrict water percolation and increase surface runoff.
Although runoff potential was a critical factor related to herbicide loss, it did not explain all of the observed variability. In the eastern portion of the study area (sites [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , all the watersheds have a high percentage of their soils within HSGC and D, but significant differences were observed in areal herbicide loss rates. For example, sites 8, 11, and 13 had the highest areal loss rates, yet other watersheds with a similar or even higher proportion of runoff prone soils, such as sites 17-20, had considerably lower loss rates. One likely factor explaining this variation was differences in topography. In general, the average slope within these watersheds decreases going from north to south. Average slope in the northeastern watersheds is in the range of 3-5%, while average slope in the southeastern watersheds is 1-3%. Another potentially important factor may be the extent of no-till adoption. The use of no-till farming systems on claypan soils has been shown to increase runoff volume compared to other tillage systems (31) . In addition, soil-applied herbicides are not incorporated in no-till farming systems, leading to greater herbicide losses (2, 4, 19) . Therefore, despite beneficial reductions in soil erosion, no-till farming systems on claypan soils are much more vulnerable to herbicide losses (19, 31) .
Contribution to the Herbicide Load in the Missouri and Mississippi Rivers. Herbicide transport from the six Missouri River tributaries (sites 1-6) contributed a disproportionately high amount of the herbicide load to the Missouri River from 1997 to 1999 (Figure 1 and Table 3 ) based on computations using herbicide concentrations and stream discharge from the USGS monitoring station at Hermann, MO (site B in Figure 1). These six tributaries account for only 3.1% of the drainage area and an average of 14.2% of the stream discharge within the Missouri River basin. Annual herbicide loads from these watersheds ranged from 7.50 to 67.1% of the annual herbicide load in the Missouri River. Averaged over the 3 years, this region of the Missouri River basin contributed more than one-half of the metribuzin load, approximately one-third of the atrazine, cyanazine, and acetochlor loads, and about onefifth of the metolachlor load. Only the average alachlor load was roughly proportional to stream discharge. An important factor affecting annual variation in absolute herbicide loads for the Missouri tributaries was the total stream discharge during the critical loss period (TSD). In general, the lowest absolute herbicide loads occurred in 1997, when TSD was lowest (Table 3 ). In 1998 and 1999, herbicide loads ranged from 1.5 to 3.6 times that of the 1997 loads, except cyanazine in 1999, due to the greater stream discharge in the tributaries. However, relative loads were not directly related to TSD. The highest relative loads generally occurred in 1998, when TSD was intermediate to that of 1997 and 1999. This suggested that timing of precipitation relative to herbicide application as well as precipitation distribution within the lower Missouri River basin were also important factors to the relative herbicide contribution of the Missouri tributaries.
The small area of the Missouri River basin monitored in this study was obviously a major contributor to the herbicide load within the entire basin. This is partly due to the high corn and soybean acreage, and therefore much higher herbicide inputs, in these six watersheds compared to the upper Missouri River basin (32) . In addition, the Missouri tributaries are in close proximity to the NASQAN site at Hermann, MO, resulting in short transport times and minimal in-stream dissipation. However, there are still several other regions with high row cropping intensity and herbicide inputs in the lower Missouri River basin that apparently contribute a much lower proportion of the herbicide load, such as the Platte (Nebraska), Kansas, and Osage River basins. Herbicide transport from these basins may be a function of limited precipitation, rather than soil properties. Overall, the combination of high herbicide inputs, moderate to high runoff potential of the soils, high precipitation during the critical loss period, and proximity to the NASQAN monitoring site resulted in the disproportionately greater herbicide loads from these six watersheds compared to other regions within the Missouri River basin.
The Mississippi River tributaries (sites 7-12 and 21) also contributed a disproportionately high amount of the herbicide load to the upper Mississippi River relative to the USGS monitoring station at Grafton, IL (site A, Figure 1) (Table 4) . These seven watersheds represent 3.4% of the drainage area and an average of 3.2% of the stream discharge within the upper Mississippi River basin (Table 4) . Relative herbicide loads from this region accounted for 1.93 to 41.6% of the herbicide load in the upper Mississippi. Because of the greater similarity in land-use of these watersheds to the upper Mississippi River basin, the contribution was not as disproportionate as that computed for the Missouri River basin. Metribuzin transport was the most highly disproportionate of the herbicides measured, accounting for an average of 25.9% of the load at Grafton, IL. Atrazine, cyanazine, alachlor, and metolachlor transport were also disproportionately high from this region but much less so than metribuzin. Acetochlor transport was disproportionately low relative to stream discharge when averaged over the 3 years. These data can partially be attributed to herbicide usage in the northern Missouri watersheds compared to other regions of the upper Mississippi River basin (32) . For instance, metribuzin usage within the Mississippi tributaries is considerably greater and acetanilide herbicide usage, particularly acetochlor, is lower than most of the upper Mississippi River basin. Atrazine and cyanazine usage in the Mississippi tributaries was similar to other regions of the upper Mississippi River basin. The TSD of the Mississippi tributaries was generally inversely related to relative herbicide loads, but absolute herbicide loads were not always proportional to TSD (Table 4 ) because of changes in herbicide usage or timing of precipitation relative to chemical application. Significant decreases in usage appeared to affect annual variation in absolute loads of cyanazine, alachlor, and metolachlor more than any other factor. Precipitation timing was the critical factor affecting absolute atrazine loads. In 1998, the major storm runoff events occurred after the primary atrazine application period, resulting in the highest atrazine loads from the Mississippi tributaries (Table 4 ). In 1999, the major runoff events and over 70% of the TSD occurred before the main atrazine application period, resulting in decreased atrazine loads despite the greater TSD compared to 1998.
The vulnerability of the Mississippi tributary watersheds to herbicide transport is evident when the loads of these watersheds are compared to the USGS monitoring station located at Clinton, IA (site C, Figure 1 ). The USGS data for Clinton, IA showed that this site accounts for 53% of the drainage area and, from 1997 to 1999, it accounted for an average of 42% of the stream discharge at Grafton, IL. Compared to the Mississippi tributaries, the Clinton, IA station drains nearly 16 times more land area and accounts for 11 times more stream discharge at Grafton, IL. Excluding metribuzin because of its higher usage in the Mississippi tributaries, the 3-year average herbicide load at Clinton, IA contributed the following to the relative herbicide load at Grafton, IL: atrazine, 8.1%; cyanazine, 8.7%; acetochlor, 16%; alachlor, 23%; and metolachlor, 13%. Thus, the Mississippi tributaries contributed nearly equal atrazine and cyanazine loads to the upper Mississippi River basin as the area draining to Clinton, IA ( Table 4 ). The acetanilide herbicide loads were also disproportionately lower at Clinton, IA, with relative contributions that were only 2.4-6.9 times that of the Mississippi tributaries. Furthermore, the herbicide loads computed for the Mississippi tributaries were underestimated because this area included site 21 that receives its discharge from the Mark Twain Lake reservoir. Herbicide transport in reservoir outflows typically show lower peak concentrations, but a longer period of elevated concentrations, than unregulated rivers (17) . Using data from sites 13-19, output herbicide loads from the reservoir during the critical loss period ranged from only 17 to 47% of the input load. Although some herbicide losses by degradation or sedimentation may occur during residence in the reservoir, much of the input load will eventually be discharged from the reservoir, but this will occur after the critical loss period. Hence, the estimated load of the Mississippi tributaries for the critical loss period represents a significant underestimation of the annual herbicide transport to the upper Mississippi River basin. Based on the disproportionately high contribution to the herbicide loads of the Missouri and upper Mississippi Rivers, the northern Missouri/southern Iowa region of the Corn Belt should be a priority target for implementation of BMPs to reduce herbicide transport.
